The novel railway power conditioner based on super-capacitor energy storage system can not only comprehensively compensate the power quality problems of electrified railway but also absorb the energy produced by regenerative braking of high-speed rail train. However, the expensive investment cost of super-capacitor in which constrains its engineering application. It is necessary to study the configuration allocation of the super-capacitor to reduce its investment cost. In this paper, the utilization rate of regenerative braking energy is deduced, a mathematical model of a chance constrained programming based is established, in which the minimum one-time investment cost of super-capacitor is taken as objective, the optimal confidence degree under different utilization rates and corresponding investment costs are obtained. The results of practical example on investment costs of super-capacitor demonstrate that the approach is effective.
INTRODUCTION
Railway power supply network has been encountering sever power quality problems, which need to be solved urgently. Aiming at harmonic, negative sequence and reactive power problems of electrified railways, numerous devices and methods have been proposed and imposed such as SVC, PF, STATCOM, HAPF, switching capacitors and RPC. Among these compensation devices, RPC has good application prospect because of its comprehensive compensation of the above-mentioned problems [1] . _________________________ College of Information Engineering, Xiangtan University, Xiangtan, Hunan Province, China 411105 This work was financially supported by National Natural Science Foundation of Hunan Province (2018JJ2397) Regenerative braking energy feedback and utilization is a hot issue in current research. In general, the regenerative braking energy is stored to reduce energy waste. Super-capacitor has the characteristics of high power density, it can be fast charge and discharge and reused thousands of times. Thus the super-capacitor has advantage applied in storage system for regenerative braking energy [2] - [3] .
Considering the advantages of these two devices, the novel railway power conditioner based on super-capacitor energy storage system (SC-RPC) is proposed in this research group, which is applied to high speed railway. The device can effectively solve the power quality problem of electrified railway and enhance the utilization rates of regenerative braking energy. Since RPC itself can divert some of the regenerative energy to the adjacent arm train, the capacity of the super-capacitor is greatly reduced [4] . However, the working conditions of the train are complicated. How to choose the capacity of the super-capacitor reasonably when train operates in multiple working conditions becomes a crucial issue.
This paper studies the capacity allocation of the super-capacitor energy storage system unit in SC-RPC for absorbing regenerative braking energy of high-speed railway. Considering the regenerative energy utilization rate of SC-RPC under multi-working condition of train, the optimization model of capacity of super-capacitor unit in SC-RPC based on opportunistic constrained programming is established with minimum one-time investment cost as the objective function, the genetic algorithm based on stochastic simulation is used to solve the model. The results of practical example on investment costs of super-capacitor demonstrate that the approach is effective.
BASIC PRINCIPLE OF SC-RPC
The novel railway power conditioner based on super-capacitor can comprehensively compensate the power quality problems such as harmonic, negative sequence and reactive power, and it can realize bidirectional flow of energy of two power supply arms. In addition, the super-capacitor in the device enables the regenerative braking energy to be stored to provide energy for accelerating trains. The principle diagram of SC-RPC shown in Figure 1 , super-capacitor energy storage system is in parallel with RPC DC bus. SC-RPC is composed of railway power conditioner, bidirectional DC/DC converter and super-capacitor. 
REGENERATIVE BRAKING ENERGY ANALYSIS IN HIGH SPEED RAILWAY

Regenerative Braking Energy Calculation
During the braking process of the train, the motor works in the state of generating electricity, and the partial kinetic energy of the vehicle is converted into electric energy. According to [5] , when high-speed train performs regenerative braking, the regenerative current increasing from zero to maximum in the initial stage is ignored, and the regenerative current is assumed to have reached the maximum from the beginning.The speed at the beginning of train braking is‫ݒ‬ , the speed of the train in the end of the braking is ‫,ݒ‬ the electrical energy generated by the train is E, the brake power isrepresented by P , the effective time of regenerative braking is expressed by ‫,ݐ‬ the braking deceleration is ܽ, the equivalent mass of vehicle is represented by݉.Their relationships are as follows:
The regenerative braking energy is related to the equivalent mass of the vehicle, the train speed and the braking deceleration, the braking power can be calculated by the above formulas. However, the surplus regenerative braking energy is more complicated and affected by many factors such as vehicle load, control mode, line parameters, and the ratio of the energy transition. As the power system and the traction network are a whole, the SC-RPC device does not necessarily absorb all the regenerative current. Some of the regenerative current will be fed back to the power grid. To simplify the analysis, the braking power P absorbed by the SC-RPC system is considered as a random variable subject to normal distribution within a certain operating cycle. Its mathematical expectation is related to the train parameters.
Utilization Rate Braking Energy Calculation
In this section, three regenerative braking conditions are considered, and the equivalent circuit diagram of SC-RPC under the corresponding working condition is constructed. For the convenience of analysis, the ratio of the energy transition is not considered, and the corresponding weight is given according to the probability of occurrence of relevant working conditions, and the utilization rate of regenerative braking energy is deduced.
(1) The First Working Condition In the working condition shown in Figure. 2, the part of the regenerative braking power P L were transferred from α-arm to supply the load in β-arm, the part of the regenerative braking power P sc were stored by SC energy storage system, and the rest P α =P b -P sc -P L were injected to the grid. In this case,the utilization rate of regenerative braking energy is as follows: In the working condition shown in Figure. 3, the part of the regenerative braking power P sc were stored by SC energy storage system, and the rest P α =P b -P sc were injected to the grid. In this case,the utilization rate of regenerative braking energy is as follows: In the operating condition shown in Figure. 4, the part of the regenerative braking power P sc were stored by SC energy storage system, and the rest P α +P β =P b1 + P b2 -P sc were injected to the grid. In this case,the utilization rate of regenerative braking energy is as follows: 
Considering the different probability of each operating mode, the utilization rate of each regenerative braking condition is taken to get weight, and theutilization rate ε of regenerative braking energy for SC-RPC system is obtained. 
THE CAPACITY ALLOCATION OPTIMIZATION MODEL OF SC UNIT
The smaller capacity configuration will result in the waste of regenerative braking energy, the larger capacity configuration will cause the redundancy of capacity to affect the economy of the system[6]- [9] .Therefore, this section analyzes the one-time investment cost of a super-capacitor energy storage unit of SC-RPC and establishes its corresponding capacity optimization model. The chance constrained programming is designed to achieve a compromise between reducing the cost of investment and satisfying the utilization of a certain regenerative energy.
The Mathematical Model of SC Unit
In this paper, the capacity of the railway power conditioner in SC-RPC has been determined, the capacity of the super-capacitor needs to satisfy its maximum charge-discharge power not exceeding the RPC maximum transferable active power.
(1) The objective function
Where P is the absolute value of maximum charge and discharge power of super-capacitor, E is the capacity of super-capacitor,C 1 is the cost of kilowatt, C 2 is the cost of kilowatt-hour. (2) Constraint condition (9) Where t is the charging time of the super-capacitor, P RPC is the maximum active power that can be transferred by RPC, ε 0 is the set value of regenerative braking energy utilization, P r {ε≫ε 0 }is the probability that the constraint condition satisfied, α is the confidence level as a chance constraint.
Steps of Genetic Algorithm Based on Stochastic simulation
In this paper, a genetic algorithm based on stochastic simulation is used to solve the model [10] . The operation steps are as follows:
1) The genetic algorithm chromosome number, crossover probability and the mutation probability are given. 2) A random algorithm is used to generate a set of initial configuration schemes that satisfy the constraints as the initial population of the genetic algorithm. 3) According to the objective function, the corresponding fitness of each chromosome is calculated. 4) The crossover and mutation of chromosomes are performed, and new chromosomes satisfying the constraints are obtained.Stochastic simulations are used to verify whether the cross-mutation chromosomes meet the given confidence level, if not, the crossover and mutation will be repeated. The chromosomes satisfying the opportunity constraints are selected to calculate their corresponding objective function values. Thereafter, the fitness value for each chromosome is calculated according to step 3). 5) Determine whether the maximum number of iteration is reached. If the evolutionary algebra is reached, go to step 6);otherwise, return to step 4) 6) The best chromosome is obtained as the optimal solution at the end of evolution.
CASE STUDY AND ANALYSIS
Taking a traction substation as an example, the related parameters are shown in Table I . According to therelated formulas mentioned above, the maximum regenerative braking power can be calculated to be about 2700kW. This paper assumed that the P b is subjected to Ф(2.7×10 6 , 200000
2 ). The confidence level is set to 0.9, and the utilization rate of regenerative braking is set to 0.9. The one-time investment cost is approximately $ 117,020 by the algorithm, as shown in Figure 5 . Table II shows the capacity allocations and the one-time investment costs when the confidence level is set at 0.9 and the regenerative braking energy utilization rates are set at 0.7, 0.8 and 0.9 respectively. It indicates that with the increase of the utilization rate of regenerative braking, the cost of one-time investment is increasing. The number of iterations One-time investment costs/dollar It is necessary to select the appropriate utilization rate according to the actual demand of the system and discuss the impact of the changes in confidence level on the results. Figure 6 shows the capacity allocation and one-time investment costs with confidence levels between 0.9 and 1.It can be seen that as the confidence interval increases, the total trend of costs also appears to increase. Figure 6 shows that when the utilization rate is 0. 
CONCLUSION
In this paper, the capacity allocation of SC-RPC for regenerative braking energy utilization of high speed railway is studied. A mathematical model of a chance constrained programming based is established, in which the minimum one-time investment cost of super-capacitor is taken as objective, the genetic algorithm based on stochastic simulation is used to solve the model. The results of practical example on investment costs of super-capacitor demonstrate that the approach is effective. 
